Speech output, including modified and synthetic speech, is used increasingly in natural settings where message reception might be affected by noise. Recent evaluations have demonstrated the effect of different speech styles on intelligibility for native listeners, but their impact on listening in a second language is less well-understood. The current study measured the intelligibility of four speech styles in the presence of stationary and fluctuating maskers for a non-native listener cohort, and compared the results with those of native listeners on the same task. Both groups showed a similar pattern of effects, but the scale of intelligibility gains and losses with respect to plain speech was significantly compressed for the non-native group relative to native listeners. In addition, non-native listeners identified speech from the four styles in the absence of noise, revealing that styles shown to be beneficial in noise lost their benefits or were harmful in quiet conditions. This result suggests that while enhanced styles lead to gains by reducing the effect of masking noise, the same styles distort the acoustic-phonetic integrity of the speech signal. More work is needed to develop speech modification approaches that simultaneously preserve speech information and promote unmasking.
Introduction
With an increasing use of speech output technology, listeners more frequently encounter styles of speech which differ from what might be considered the norm, namely plain natural speech. Non-canonical styles include synthetic speech and recorded natural speech which has been modified with the goal of enhancing intelligibility e.g. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] . These forms of speech are sometimes deployed in adverse acoustic environments such as public transport interchanges or over bandlimited telephone channels. Recent large-scale evaluations with participants listening in their native language have demonstrated significant benefits of modified natural speech in adverse conditions [11] . Since listening in a non-native language can be considered as a further form of adverse condition [12] , it is of interest to know how synthetic and modified forms of speech interact with noise for non-native listeners (NNL). The current study examines the impact of non-canonical styles of speech on intelligibility for this listener group relative to native listeners (NL).
Collectively, previous studies have produced an inconsistent picture of the effect of differing speech styles on intelligibility in noise for NNLs. In [13] , for synthetic speech in noise, NNLs suffered proportionally more than a native cohort. Speech produced in noise, so-called Lombard speech [14] , did not benefit NNLs to quite the same extent as NLs [15] . Similarly, NNLs benefitted significantly less than NLs from a clear speech style in noise [16] .
On the other hand, [17] found similar degrees of benefit for spectral filtering and selective speech enhancements for one native and two non-native listener groups whose task was to identify consonants in nonsense vowel-consonant-vowel material in stationary noise. More recently, NNLs exposed to 6 different kinds of modified speech exhibited almost identical changes over an unmodified baseline as NLs using simple sentences [18] in stationary and modulated maskers. For clear speech, [19] demonstrated similar benefits for NLs and a cohort of highproficiency NNLs.
Comparing these disparate studies is, of course, complicated by the range of second languages and competences of the NNL groups, and the use of different speech material, maskers and tasks. It is known that such factors have an important bearing on the differential performance of NL and NNLs in adverse conditions (see review in [20] ). One goal of the current study is to measure the relative intelligibility of differing speech styles using a common non-native listener cohort with the same sentence material in the presence of identical maskers.
The use of non-native listeners provides an opportunity to explore an additional question. The studies cited above are based on speech in noise, typically used to avoid ceiling effects for native listeners. Consequently, it is difficult to distinguish the source of any intelligibility increases produced by a given speech style: do listeners benefit because a given speech style is intrinsically clearer (e.g., less reduced), or is the speech style simply more resistant to masking? Non-native listener groups provide a way to tease apart these two explanations, since, unlike native listeners, they typically perform at well below ceiling levels in quiet conditions. The value of this approach was demonstrated in a recent study of the effect of Lombard speech on NNLs [15] , which showed that Lombard speech was less intelligible than non-Lombard speech in quiet conditions, in spite of the fact that the same speech material was significantly more intelligible in noise. A second goal of the current study is to address the 'intrinsic' vs. 'maskability' confound by measuring the effect of different speech styles on non-native listeners in quiet as well as in masked conditions. Non-native listeners identified keywords in everyday sentences presented in quiet and in two types of masking noise, one stationary, the other fluctuating, at two signal-to-noise ratios (SNRs). Four styles of speech were compared: unmodified natural speech, Lombard speech, speech algorithmicallymodified to enhance intelligibility, and synthetic speech. Results in the masked conditions were compared to those of native listeners who identified identical stimuli in a recent evaluation of modified speech styles [11] .
Methods

Speech materials
Speech material consisted of the first 180 sentences of the Harvard Corpus [21] produced in the following four styles:
Plain An unmodified speech style consisting of sentences read by a male British English speaker. Although the Plain style represents a baseline for speech modification approaches, it is highly-intelligible and can be considered as a form of clear speech.
Lombard To generate Lombard speech, the same talker was also recorded producing the same sentences in the presence of a temporally-modulated speech-shaped noise (ICRA noise 5, [22] ), delivered over headphones at a level of 84 dBA.
SSDRC This condition consists of Plain sentences processed by the Spectral Shaping and Dynamic Range Compression technique [23] . SSDRC involves a sequence of processes which enhance formant frequencies, apply adaptive pre-emphasis, and supply a fixed boost to high frequencies. The SSDRC approach produced the largest gains in the evaluation described in [24] , with intelligibility increases equivalent to a reduction in SNR of up to 5.2 dB.
TTS TTS sentences were generated by an HMM-based text-to-speech synthesis framework [25] which made use of an average voice model [26] adapted to 2803 sentences (3 hours of speech) from the same male talker who spoke the Harvard sentences. Figure 1 shows spectrograms of a sentence produced in the four styles. Further details can be found in sections 2.1, 2.2, 2.6 and 2.8 respectively of the native listener study [11] .
Maskers
A steady-state speech-shaped noise (SSN) and a temporallyfluctuating competing speech (CS) masker, both employed in [27] , were used in the current study. The competing talker was a female speaker reading newspaper speech and Harvard-like sentences. The SSN masker had a long-term spectrum matching that of the competing talker.
In the native listener study [11] participants were tested at three SNRs in each masked condition. Since pilot studies suggested that the most adverse SNR for each masker resulted in very low scores for NNLs, only the high and middle SNRs, referred to as 'snrHi' and 'snrMid', were used. These SNRs were chosen to produce approximately 75% and 50% keywords correct amongst native listeners. In addition, non-native listeners heard the sentences in a noise-free condition (Table 1) .
In the Plain condition, speech-plus-noise mixtures were produced by centrally-embedding the target sentence in a masker fragment with 500 ms of lead and lag. That is, the total duration of the masker exceeded that of the target speech by 1 second. Since durations were potentially different in the remaining three speech styles, these conditions resulted in different amounts of masker lead and lag. Token-wise SNR was computed over the region where the speech was present.
Listeners
A cohort of 44 normal-hearing listeners participated in the experiment. All were native monolinguals in Spanish or bilingual in Spanish and Basque, and all were in their second year of studies for the degree of English Philology at the University of the Basque Country. Listeners were paid for their participation.
Procedure
Each listener heard all 180 sentences, 60 in each of the quiet, snrMid and snrLo conditions. For the non-quiet conditions, listeners heard equal numbers of sentences in the presence of the CS and SSN maskers. Sentences were blocked by masker and SNR, leading to 6 blocks of 30 sentences (i.e., two blocks corresponding to the quiet condition). Within each block, listeners heard either 7 or 8 examples of each of the four speech styles. Assignation of speech styles to blocks was carried out in such a way as to ensure that no listener heard the same sentence more than once, and each sentence was heard the same number of times in each speech style and masker condition. Block ordering was balanced across listeners.
Listeners were tested individually in a sound-attenuating acoustic booth in the Phonetics Laboratory at the University of the Basque Country. Stimuli were presented at a fixed comfortable listening level over Sennheiser HD 650 headphones. The experiment was self-paced under computer control, listening typing their responses into an on-screen text entry box. Prior to the main experiment, listeners heard 6 practice utterances in each of the two masker conditions.
Postprocessing
All words apart from 'a','the','in','to','on','is','and','of' and 'for' were scored as keywords. No manual spelling corrections were carried out. Scores are presented as the percentage of keywords correct in each condition. For statistical analysis, percentages were converted to rationalised arcsin units [28] . Figure 2 shows keyword identification rates for NNLs as a function of speech style, masker and SNR. The two modified styles expected to show intelligibility gains, Lombard and SSDRC, do indeed result in increased scores relative to the Plain baseline. In the SSN masker, gains of between 7-9 and 17-18 percentage points (p.p.) were produced for Lombard and SSDRC respectively. More modest increases of between 2-5 and 5-7 p.p. can be seen for the CS masker. Synthetic speech was always less intelligible than Plain speech, with drops of 6-9 p.p. A similar pattern across styles is evident at both SNR levels. For SSN, the intelligibility of all speech styles were significantly different from each other at both SNRs [Fisher's Least Significant Difference of 4.0 and 4.6 RAU for snrHi and sndMid respectively]. However, in the CS case, the Lombard and SSDRC styles were equally intelligible at both SNRs [Fisher's LSD: 3.8 and 4.3 RAU for snrHi and sndMid]. In addition, in the snrHi condition, Lombard speech was equivalent in intelligibility to the Plain style. Figure 4 compares native and non-native listener keyword scores and gains over the Plain style for shared conditions (snrHi and snrMid); native data is from [11] . The two sets of data are clearly well-correlated: for both scores and gains, ρ = 0.92 [p < 0.001]. However, non-native listeners performed well below native listeners on this task. For NNLs, average gains were around 44% of those produced by NLs. By the same token, in the TTS conditions the losses suffered by NNLs were less than those of NLs. Note that native listeners in the snrHi condition were already scoring at a high level, so the relatively small gains observed in the lower panel of Fig. 4 probably represent a ceiling effect. 
Results
Keyword scores in noise
Keyword scores in quiet
Comparison with native listener scores
Discussion
Here, different speech styles induced a very similar pattern of intelligibility for native and non-native listeners when identifying keywords in sentences masked by noise. We speculate that this finding mainly reflects the ability of each speech style to withstand energetic masking, since the amount of information available following the interaction of speech and masker signals is the same for NLs and NNLs. This notion is supported by the contrasting pattern of performance across speech styles in the absence of noise. SSDRC-modified speech, while highlybeneficial in noise, leads to a drop in intelligibility in quiet, suggesting that gains in noise do not come from improvements to the acoustic-phonetic saliency of speech, with energetic masking release as the most likely cause of the masked benefit. Indeed, the loss in quiet might result from damage to the acousticphonetic structure of speech following SSDRC processing.
While the two listener groups show a similar pattern, NNLs identified substantially fewer keywords in each condition, generally showing a multiplicative intelligibiity loss relative to NLs, represented by the linear model NNL = 0.44 * NL − 6.1. This finding contrasts markedly with our earlier study [18] where NNL scores were well-predicted by a near additive relationship NNL = 0.97 * NL − 12.5 i.e. a small but constant loss relative to natives. The biggest difference between the two studies is in the nature of the target sentence material. In [18] listeners identified the letter-number combination (e.g. "G 2") from matrix sentences of the form "place red at G 2 now". This type of sentence places low demands on vocabulary and syntax, has a highly-predictable pattern, and, while not entirely absent, contains fewer of the rich contextual cues that are known to benefit native listeners in adverse conditions [20] .
The reduced effectiveness of both Lombard and SSDRC styles in the presence of the competing speech masker has been observed in other evaluations [11, 24] . Obtaining intelligibility gains in a temporally-fluctuating masker such as CS may depend on exploiting epochs of favourable local SNR. Since the Lombard speech was induced by a different fluctuating masker, it is likely that the gains produced in the CS condition were less than optimal. SSDRC makes no use of information about the masker, so it is not surprising that gains were lower for CS.
Synthetic speech, in line with other studies e.g. [29, 30] , was less intelligible than natural speech (although modified TTS can exceed natural speech intelligibility [31] ). An examination of the spectrograms in Figure 1 reveals that TTS suffers from a less well-defined formant structure, particularly during transients (e.g., the diphthong in "shower"), and there are clear segment durational differences between TTS and Plain styles that may have contributed to reduced intelligibility.
Lombard speech was moderately-beneficial to NNLs, consistent with the findings of [15] . It is worth noting that the level of the noise used to induce Lombard speech in the current study was relatively low. In the Lombard speech induced by a similar mild noise condition of [15] , NNLs showed equivalent performance to speech produced in quiet, when tested in noise-free conditions, echoing the findings of the current study. However, in [15] , Lombard speech induced by a more intense masker, which was more effective than mild Lombard speech in noise, was less intelligible in quiet. That outcome parallels the finding with SSDRC in the current study, supporting the notion that speech styles designed to overcome masking noise can be harmful when heard outside the noise context.
More generally, the measured intelligibility of a given speech style presumably reflects the net effect of both advantageous and disadvantageous changes with respect to a Plain style. This raises the possibility that if modified speech styles were to be developed with a focus on preserving acousticphonetic integrity, the potential gains in masked conditions could exceed those seen to date.
Conclusions
Native and non-native listeners showed a similar pattern of intelligibility change when confronted by differing speech styles in noise. However, NNLs suffered a multiplicative change with respect to NLs, unlike earlier studies with simpler sentences where an additive change has been observed. Speech styles beneficial in noise led to losses, or no gains, in quiet conditions, suggesting that while certain styles promote energetic masking release, they do so at the expense of acoustic-phonetic integrity.
